Lately, the atmospheric pressure jet type corona plasma, which has been typically driven by dc to low frequency (LF: several tens of kHz), is often generated by using radio frequency of 13.56 MHz. Yet, the relationship between the plasma and its driving frequency has seldom been investigated. Hence, in this study, dependence of the atmospheric pressure corona plasma characteristics on the driving frequency was explored experimentally from LF to rf (5 kHz-13.56 MHz). The plasmas generated by the driving frequency under 2 MHz were cylindrical shape of several tens of millimeters long while the 13.56 MHz plasma is spherical and a few millimeters long. As the driving frequency was increased, the plasma length became shortened. At the lower driving frequencies (below 2 MHz), the plasmas existed as positive streamer and negative glow for each half period of the applied voltage, but the discharge was more continuous in time for the 13.56 MHz plasma. It was inferred from the measured I-V curves that the higher driving frequency induced higher discharge currents, and the gas temperature was increased as the driving frequency was increased.
I. INTRODUCTION
Compared to the large size atmospheric pressure plasmas, the small size atmospheric pressure plasmas have their own merits of better stability, high electron energy, high radical density, etc., and they are being applied to various new fields, such as light source and display. [1] [2] [3] [4] Particularly, the plasma bio-applications using the small size atmospheric pressure plasmas have intrigued many researchers. Accordingly, several corona based (needle/pin to plane or coaxial electrode structure) small size plasmas have been developed and used to treat many kinds of germs on culture grounds and living cells. [5] [6] [7] [8] The atmospheric pressure corona plasma is one of the most important discharge types in the industry, and its study is also important for the large area processing plasmas like capacitively coupled plasmas to avoid the corona generation at the electrode edge or at the electrode where the flatness is not perfect or lost due to defect. Lately, unlike the conventional frequency range of dc to low frequency (LF: several tens of kHz), 13 .56 MHz rf corona discharge has been studied, especially for the bio-applications. 7 In doing so, most of the plasma sources employed rf, because it is rather common but not necessarily better.
It has been hard to find thorough comparative study results for various driving frequency ranges although the different driving frequency means the distinctive plasma features. Most of the studies have inclined towards the application itself, paying less attention to the fundamental plasma characteristics. Such basic study cannot be ignored, because it is essentially connected with the achievement of best application results. Therefore, the study about the driving frequency effects on the atmospheric pressure corona plasma characteristics has been started by the authors in the previous works, and this work introduces the additional experimental results. 9, 10 In general, rf is known to be favorable for its low breakdown voltage and high plasma density. Also, due to the short duration of the rf field, the discharge is continuous in time unlike the LF corona of which the discharge mode has pulselike nature due to the space charge accumulation. On the other hand, the streamer, one of the corona discharge modes containing very highly energetic ions and electrons due to its fast moving nature, cannot be found in high rf corona plasma, because it involves the ion motion.
11
Because it is in the early stage of research, the LF and the rf corona based jet type plasmas have been independently investigated, each originated from different plasma sources. However, as they evolve, their sources have ended up in similar structures of the pin electrode with/without the coaxial or the plane ground electrode. Hence, for now, it is required to study them in the same system and compare their discharge characteristics in order to define their distinctive features and to clarify advantages and disadvantages of each for certain application purposes. In this study, the atmospheric pressure corona plasmas were produced in a single pin electrode system using different driving frequencies (f in ) ranged from LF to rf (5 kHz-13.56 MHz), and their discharge characteristics like physical appearances, electrical properties, temperatures, and discharge modes were investigated.
II. EXPERIMENTAL
As illustrated in Fig. 1(a) detailed information about the source can be found in the previous report. 9 In this study, the pin electrode was powered by different driving frequencies, and the plasmas were generated in the ambient air with the helium gas supply. The corona plasma was generated at LF (5-75 kHz) using a function generator (Marconi 2023, 9 kHz-1.2 GHz) and an amplifier (Trek 20/20C) or a power source (FTLab HPSI200). Following the plasma generation using LF, rf (2-13.56 MHz) was employed with appropriate powers and matching network systems (Marconi 2023, 9 kHz-1.2 GHz; AR500A100A, 10 kHz-100 MHz, 500 W; DresslerCesar 1312, 13.56 MHz, 1200 W). Then, the plasma characteristics were investigated with various diagnostic tools like cameras, I-V probes, thermometer, and spectrometer.
To reduce the experimental parameters, the helium gas flow rate was fixed at 3 lpm, and the electrode head was fixed at 5 mm inside from the Pyrex tube end. We are not reporting here in detail about the other experiments of controlling these parameters. Briefly stating, the LF plasma length was affected more than the rf plasma length by the gas flow. Also, a decrease in the breakdown voltage was observed for both LF and rf plasmas when the pin electrode was placed deeper in the dielectric tube due to the higher helium gas purity and less air impurities.
III. CORONA DISCHARGE GENERATED BY f in UNDER 2 MHz
Various atmospheric corona plasmas of different f in are depicted in Fig. 1(b) . The most prominent difference is the plasma length. The plasma length decreased when the driving frequency was raised as shown in Fig. 2 . First, in case of the 5 kHz plasma, the plasma was confined near the pin electrode at V in < 2200 V as a glow mode, then it became longer and a cylindrical shape on changing its mode to the streamer at V in > 2200 V. Its length was about 50 mm at the maximum. For the increasing current and voltage, the discharge mode of corona plasma usually transforms from the glow to the streamer. The abrupt increase in the plasma length is resulted from the mode transition from the glow to the streamer, because the latter propagates away from the pin electrode.
When the f in was raised by ten times to 50 kHz, the plasma developed into the streamer mode soon after the breakdown. Its length varied between 5 and 30 mm for the increasing input voltage as shown in Fig. 2 which is shorter than that of 5 kHz plasma. The rather large decrease in the plasma length by about 10 mm at around 1400 V is coming from the change in the plasma. The change could be observed with the bare eyes. As the input voltage is increased, a bright thin core region starts to appear in the center and grows in its length. Then, at a certain voltage, only the bright core is remained, and this causes the drop in the plasma length.
The asymmetric electrode configuration makes the discharge mode for each half period of the applied voltage different. When the pin electrode is negatively biased, the electrons are pulled away from it toward the low field region. On the other hand, when it is positively biased, the electrons are accelerated toward the high field of the pin electrode. As a result, the positive corona plasma has higher energy electrons, and thus, it can be developed into the streamer mode at a relatively lower current. Using the time-resolved measurements, it can be actually observed that the plasma is in the negative glow and the positive streamer for each half period at the same applied voltage, respectively.
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The 2 MHz plasma length plotted in Fig. 2 shows that the plasma length got shortened further by more than one third compared to the 50 kHz plasma. At this frequency range of 2 MHz, evidence of the positive streamer propagating away from the pin electrode and the negative glow staying near the pin electrode is still seen in the time-resolved images of Fig. 3 taken by using an intensified chargecoupled device (ICCD) camera. Figure 3(a) illustrates two 
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Kim et al. Phys. Plasmas 18, 043503 (2011) different time frames for the positive discharge. As time evolved from t 1 to t 2 , the streamer head can be seen traveling away from the electrode. It is the streamer propagation distance that determines the plasma length. Increase in the driving frequency means decrease in the time period, and the short time gives the streamer less time to travel away from the electrode. Unlike the 2 MHz plasma, of which only one streamer head can be seen during the positive half period [ Fig. 3(a) ], we could observe two streamer heads at 50 kHz. Experimental investigations showed that it is due to the time gap between the prebreakdown and main breakdown, which gradually reduces to zero with the increase in the driving frequency. The behavior of the positive streamer including its relation to the driving frequency was studied in detail and reported in another paper. 12 It is worthwhile to note here that the driving frequency can affect the time and spatial distribution of the corona plasma by controlling the discharge mode.
The experimental results about the corona discharge and its driving frequency can be classified by the f in of under or above 2 MHz, roughly. Two megahertz is around the plasma ion frequency, and both electrons and ions can follow the external electric field at f in under 2 MHz while only the electrons can at f in above 2 MHz. 13 Hence, the plasma properties are different for these two driving frequency ranges with respect to 2 MHz. The 13.56 MHz plasma exhibited different plasma features, and it will be discussed in the next section.
IV. 13.56 MHZ CORONA DISCHARGE
The 13.56 MHz plasma image shown in Fig. 1(b) is different from the plasmas driven by the lower f in . It is rather spherical and confined near the pin electrode with a length of only a few millimeters.
The main difference of the plasmas driven by different f in is the plasma length. In the limiting case of very frequent collisions (m m x), as in the atmospheric pressure plasma, the electron displacement can be expressed as below:
where l e is the electron mobility. 14 The equation indicates that the electrons oscillate with the larger amplitude for the lower frequency. In other words, the electrons are less localized near the electrode for the lower frequency. Because it is mainly the electrons that play an important role in the plasma ionization process, the electron oscillatory displacement is related to the plasma physical size. The calculated electron displacement and experimentally obtained plasma length were agreed well with each other for the 13.56 MHz plasma of which only the electron motion is involved, but for the lower driving frequency plasmas the ion motion needs to be considered for a better agreement. 9 The 13.56 MHz plasma is rather continuous in time wise, having a single glow mode throughout the whole period. Such dissimilarity in the discharge characteristics with the lower frequency discharges is attributed to the fact that at this frequency range, only the electrons of much higher mobility follow the field while the ions only experience the average field. 13 Thus, for the 13.56 MHz plasma, it is always the electrons of which the density profile instantaneously changes with the electric field, making the discharge more continuous. 15 However, in the plasmas generated by f in under 2 MHz or the ion oscillation frequency, both electrons and ions move along the field, and due to their mobility differences, different plasma modes are observed for each half period of the applied voltage.
16 Figure 4 shows the time-resolved (wavelength-unresolved) 13.56 MHz plasma light emission intensity for one period of the applied voltage. Although the stationary ions make the discharge having a single mode through the one voltage period at this frequency range, the 13.56 MHz plasma still possesses an asymmetrical nature due to the asymmetric source geometry. The positive plasma has higher energy electrons as they accelerate toward the high field pin electrode. Thus, the plasma emission intensity is higher during the positive half period. Furthermore, three representative molecular/atomic emission lines of N 2 þ (391.4 nm), He I (706.5 nm), and O I (777.5 nm) were observed in detail [ Fig. 4(b) ]. N 2 þ is excited by the combined action of He metastables (Penning ionization of N 2 ) and low energy electrons of 3 eV (excitation of N 2 þ ), whereas the helium excitation requires high energy electrons of 22 eV through the ground state electron impact excitation. 17 Although it is a helium plasma, the O I intensity was larger, because of its lower excitation energy (11 eV) . Unlike the neutral species, the positive ion N 2 þ shows the opposite behavior, because the positive ion is lost at the relatively negative glass wall through the recombination during the positive half period. 18 V. ELECTRICAL CHARACTERISTICS AND T gas I-V characteristic curves are presented in Fig. 5 for the different f in plasmas. It can be seen that the higher driving 
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The driving frequency effects … Phys. Plasmas 18, 043503 (2011) frequency means the lower discharge voltage and the higher discharge current. Considering that the plasma volume is much smaller for the higher driving frequency, the discharge current density difference is even much larger. The higher discharge current indicates the higher electron density and/or temperature. 19 As a matter of fact, the plasma emission spectrum of the 13.56 MHz plasma had much higher intensity and more helium atomic emission lines, indicating larger plasma density and/or electron temperature. 9 Also, the breakdown voltage decreased from 1100 to 350 V as the driving frequency increased from 5 kHz to 13.56 MHz. When the driving frequency is increased above a few megahertz, the electron loss and thus the breakdown voltage are largely reduced due to the great reduction in the oscillation amplitude. 20 Therefore, the breakdown and discharge voltage of the rf plasma is much lower than that of LF plasma.
The gas temperature was measured using a fiber thermometer (FISO FOT-H). The validity of the fiber thermometer was confirmed by comparing the temperature values with those from the optical emission spectroscopy based on of the N 2 þ (391.4 nm) spectra. 21 The gas temperature became higher with the increase in the driving frequency as shown in Fig. 6 . The 50 kHz plasma gas temperature was only a little higher than the room temperature (20 C) and stayed about the same even for the growing discharge voltage. On the other hand, the 13.56 MHz plasma gas temperature was increased with the discharge voltage. The higher gas temperature is due to the fact that the 13.56 MHz discharge is rather continuous while the 50 kHz discharge is pulselike and that the plasma volume is smaller for the 13.56 MHz case, and thus, the power density is higher. Also, the discharge current and ohmic heating is larger for the higher frequency. 
